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ABSTRACT 
 
 
The Cantabrian Zone of NW Iberia preserves a voluminous, almost continuous, sedimentary sequence that ranges in age from Ediacaran to Early Permian. Its tectonic setting is controversial and 
recent hypotheses include (i) pas- sive margin deposition along the northern margin of Gondwana, (ii) an active continental margin, or (iii) the margin of a drifting ribbon continent and 
(iv) a combination of the three aforementioned possibilities. In this paper we present geochemical data from 21 samples taken in detrital rocks in the Cantabrian Zone from Ediacar- an to 
Early Permian age. The results, together with previously published detrital zircon ages from these strata, allow a comprehensive analysis of changing tectonic scenarios and provenance 
through time. Collectively, these data indicate that this portion of Iberia was an active margin during the Ediacaran that evolved to become part of the passive margin of Gondwana at least 
from Ordovician to Late Devonian times. Changes in geochemistry, zircon age distribution and Sm/Nd isotopes during the Carboniferous are attributed to the far-ﬁeld effects of the onset of 
the collision between Gondwana and Laurussia, and related processes such as recycling of older sedimentary sequences, as well as the involvement of the rocks formed during the Variscan 
orogeny and oroclinal buckling. Latest Carboniferous and Permian show a more juvenile Sm/Nd and higher values of illite cristallinity that may support the hypothesis of lithospheric 
foundering after oroclinal buckling. 
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1. Introduction 
 
Knowledge on the tectonic evolution of sedimentary basins is funda- mental to 
our overall understanding of geological processes operating throughout Earth 
history as well as for exploration of natural resources. In addition to the classical 
stratigraphy and sedimentology, the tectonic setting of sedimentary basins  can  be  
constrained  by  geochemical and isotopic analyses of detrital rocks (e.g. Bhatia, 
1983; Murphy and Nance, 2002; Taylor and McLennan, 1985). The chemical 
composition of detrital rocks depends on numerous factors such as the 
composition of source areas, as well as the degree of weathering, diagenesis and 
meta- morphism. For example REEs (rare earth elements) have low residence 
times in oceanic waters and typically preserve characteristics inherited from 
source regions. Although the use of tectonic discrimination dia- grams (e.g. 
Bhatia, 1983; Bhatia and Crook, 1986; McLennan et al., 1993; Roser and 
Korsch, 1986) is controversial (e.g. Armstrong-Altrin 
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and Verma, 2005; Ryan and Williams, 2007), in general the geochemistry of 
sedimentary rocks, including discrimination and spider diagrams, pro- vides insights 
into the evolution of basins in time and space, especially when combined with 
stratigraphy, geochronology, Sm/Nd isotopic sys- tematics and X-ray diffraction 
(e.g. McLennan et al., 1993: Dostal and Keppie, 2009; Spalletti et al., 2012; 
Fuenlabrada et al., 2012). 
The Cantabrian Zone of NW Iberia (Fig. 1) preserves an almost con- tinuous 
stratigraphic sequence from Upper Ediacaran to Lower Permian (Fig. 2) that is 
thought to have been deposited on the northern Gondwanan margin (e.g. Nance 
et al., 2010; Pastor-Galán et al., 2013; Robardet, 2002, 2003). In this paper, 
we present new geochemical, Sm–Nd isotopic systematics and X-ray diffraction 
data from representa- tive samples in this sequence as well as a compilation of 
previously published detrital zircon data to further constrain the tectonic evolution 
of NW Iberia and the evolution of the northern margin of Gondwana during the 
Paleozoic. The aims of our study are: (i) geochemical char- acterization of the 
detrital rocks of the Cantabrian Zone, (ii) to constrain their possible sources and 
(iii) to deduce tectonic settings as well as the exhumation and erosion of the 
different units involved in the Variscan orogenic event and subsequent orocline 
development. 
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Fig. 1. A) Geographical situation of the Cantabrian Zone and adjacent tectonostratigraphic zones. B) Map of the Cantabrian zone. Stars represent the approximate location of the studied samples. For precise sample 
situation see Supplementary ﬁle 2 (.kml ﬁle). 
 
2. Geological background 
 
2.1. Tectonic history 
 
In the Late Neoproterozoic and Early Cambrian, a long history of sub- duction 
and accretion of island arcs occurred along the northern margin of Gondwana 
(D'Lemos et al., 1990; Linnemann et al., 2007, 2008; Murphy and Nance, 
1989; Murphy et al., 2000; Nance and Linnemann, 2008; Pereira et al., 2012). In 
Late Cambrian–Early Ordovician, a protracted period of rifting opened the Rheic 
Ocean with the separation of several peri-Gondwanan terranes from the 
northern margin of Gondwana (e.g. Montero et al., 2007; Murphy et al., 
2006; Nance et al., 2010; Pereira et al., 2012; Sanchez-Garcia et al., 2008). The 
origin of this rifting episode is controversial; Murphy et al. (2006) suggested 
that slab pull due to ridge subduction underneath Laurentia would re- sult in 
rifting along the Gondwanan margin and eventually the forma- tion of the Rheic 
Ocean. In contrast, other authors (e.g. Díez Fernández et al., 2012; Martínez 
Catalán et al., 2009) maintain that subduction roll-back initiated the opening of 
Rheic Ocean. This period of rifting and early drift is recorded in NW Iberia by 
widespread rift-related igne- ous activity with ages between 495 and 470 Ma 
(Bea et al., 2006; Díez Montes, 2006; Gutiérrez-Alonso et al., 2007; Heinz et 
al., 1985; Montero et al., 2009; Murphy et al., 2008; Rubio-Ordóñez et al., 
2012; Sánchez-García et al., 2003, 2008; Valverde-Vaquero and Dunning, 
2000; Valverde-Vaquero et al., 2006) and by the coeval accumulation 
of a thick passive margin sequence (e.g. Aramburu et al., 2002). The Rheic 
Ocean is interpreted to have reached its greatest width (ca. 4000 km) during 
the Silurian (Nance et al., 2010 and references therein). One of the main disputations 
in the evolution of Rheic Ocean is the paleoposition of NW Iberia, Armorica and 
other terranes involved in the Variscan orogeny during Silurian and Devonian 
times. On the basis of paleomagnetic data, some authors interpret NW Iberia 
during the Late Silurian to be part of a drifting ribbon continent variously called 
Armorica, the Hun terrane or the Galatia terrane (e.g. Stampﬂi and Borel, 
2002; Stampﬂi et al., 2013; Tait, 1999; Tait et al., 1994; Torsvik and Cocks, 
2004; Torsvik et al., 2012; Van Der Voo, 1982, 1988; van der Voo, 1993). In this 
scenario, the drifting of Armorica from Gondwana is responsible for the opening 
of the Paleotethys Ocean and its collision against Laurentia for the closure of the 
Rheic Ocean and the onset of Variscan orogenesis. Usually those models imply 
subduction towards both Rheic margins, northern Gondwana and southern 
Laurussia (e.g. Stampﬂi and Borel, 2002) or synchronous subduction along both 
sides of the Armorican terrane including a southward subduction of Rheic and  
a  northward  subduction  of  Paleotethyan  oceanic  lithospheres (Stampﬂi et al., 
in press). Other authors, however, place Iberia along the  northern  Gondwana  
passive  margin  throughout  the  Paleozoic (Barreiro et al., 2006; Díez 
Fernández et al., 2010; Fernandez-Suarez et al., 2006; Gutiérrez-Alonso et al., 
2008; Linnemann et al., 2004, 2008; López-Guijarro et al., 2008; Martínez 
Catalán et al., 2007, 2009; Murphy et al., 2006; Pastor-Galán et al., 2013; 
Quesada, 1991, 2006; 
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Fig. 2. Synthetic stratigraphic column for the Cantabrian Zone (modiﬁed from Pastor-Galán et al., 2013 and after Bastida, 2004) with the location of the studied samples and the samples used from the literature. In the 
right side, there is a graph summarizing the results of XRD (crystallinity) analyses. 
 
Robardet, 2002, 2003), and most of these models consider that subduc- tion of 
Rheic Ocean lithosphere, which began in the Early Devonian, was directed 
northward i.e. away from the Gondwanan margin. 
In both scenarios, the closure of the Rheic Ocean is recorded by the 
deformation associated with the ﬁnal collision between Laurussia and Gondwana 
or Armorica and in some ophiolitic suites preserved in the suture zone between 
these continents (e.g. Arenas et al., 2007a,b). Con- tinental collision began at ca. 
365 Ma (Dallmeyer et al., 1997) and 
continued shortening eventually led to the extensional collapse of the thickened 
hinterland at ca. 320 Ma (Arenas and Martínez Catalán, 2003; Martínez 
Catalán et al., 2009). The latter event is coeval with the initial development of 
the non-metamorphic foreland fold–thrust belt along the Gondwanan margin 
(e.g. Pérez-Estaún et al., 1994), which is exposed only in the Cantabrian Zone 
of NW Iberia. 
The tectonostratigraphic zonation of Variscan orogen in Iberia shows an “S” 
shape pattern recently interpreted as a double orocline consisting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
of a northern and southern arc (Martínez Catalán, 2011; Martínez Catalán, 
2012; Shaw et al., 2012; Weil et al., 2013; Fig. 1). Although the formation of 
both orogen-scale arcs might be related (Martínez Catalán, 2011; Pastor-
Galán, 2013; Shaw et al., 2012), only the kinemat- ics of the northern arc has been 
resolved. The northern arc, known as Cantabria–Asturias Arc (e.g. Weil et al., 
2001) or Cantabrian Orocline (e.g. Gutiérrez-Alonso et al., 2012; Weil et al., 
2013), was developed after closure of the Rheic Ocean and the building and 
collapse of the Variscan orogenic ediﬁce and, therefore, is considered post-
Variscan in age (Pastor-Galán et al., 2011; Weil et al., 2001). Gutiérrez-
Alonso et al. (2004) proposed a thick-skinned model for this oroclinal develop- 
ment which involves lithospheric-scale rotation of the orogen limbs, with 
extension in the outer arc resulting in thinning of the mantle lith- osphere, and 
coeval shortening in the uppermost crust (Alvarez-Marron and Perez-Estaun, 
1988; Julivert and Arboleya, 1986; Julivert and Marcos, 1973) and 
lithospheric thickening in the inner arc (Gutiérrez- Alonso et al., 2004, 2010; 
Pastor-Galán et al., 2012a,b). The latter process resulted in gravitational instability 
causing foundering and removal of the mantle lithosphere from the lower crust 
that was followed by as- thenospheric upwelling and high heat ﬂow which 
triggered voluminous Late Carboniferous–Permian magmatism in the 
Variscan fold-and- thrust belt (Fernandez-Suarez et al., 2000; Fernández-
Suárez et al., 2011; Gutiérrez-Alonso et al., 2004, 2011a,b;  Pastor-Galán et  al., 
2012c,d). 
 
2.2. The Cantabrian Zone and its stratigraphy 
 
The Cantabrian Zone is situated in the core of the Cantabrian Orocline (Gutiérrez-
Alonso et al., 2004; Pérez-Estaún et al., 1988; Weil, 2006) (Fig. 1A and B) and 
is a classical foreland fold-and-thrust belt character- ized by thin-skinned tectonics 
with a transport direction towards the core of the arc (Merino-Tome et al., 
2009; Pérez-Estaún et al., 1988). This zone of the orogen is characterized by 
locally developed non- penetrative cleavage and low ﬁnite strain values 
(Gutiérrez-Alonso, 1996; Pastor-Galán et al., 2009). Illite crystallinity and conodont 
color al- teration indexes indicate non-metamorphic to very low-grade metamor- 
phic conditions (Bastida et al., 2004; Brime et al., 2001; García-López et al., 
2007; Gutiérrez-Alonso and Nieto, 1996). The ﬁrst record of tecton- ic instability, 
due to the loading in the hinterland, is interpreted to have occurred in the upper 
Devonian (García-Ramos, 1978; García Ramos and Colmenero, 1981; Keller et 
al., 2008; Rodríguez-Fernández, 1991) but the sedimentary record of a fore-bulge 
and a fore-deep is not evident 
until the Lower Carboniferous (Colmenero et al., 1993, 2002). Deforma- tion 
began in the earliest Pennsylvanian (Dallmeyer et al., 1997, ca. 321Ma.) and 
resulted in the development of several clastic wedges relat- ed to the emplacement 
of different thrust units (Marcos and Pulgar, 1982). 
The Cantabrian Zone stratigraphic column is almost complete from Ediacaran 
to Lower Permian. However, four unconformities have been documented (Fig. 2) 
and are interpreted to reﬂect the different tectonic pulses described above (e.g. 
Alonso, 1989; Gutiérrez-Alonso, 1996; Pastor-Galán et al., 2011). 
The overall stratigraphy is given in Table 1 and a detailed description of each 
formation is given in Bastida (2004) and references therein. The stratigraphic 
succession starts with a thick Ediacaran sequence that crops out in the Narcea 
Antiform in the western and southern areas of the Cantabrian Zone. The whole 
Ediacaran sequence has been known classically as the Narcea Slates (Lotze, 
1945). Although its thickness is undetermined, this Ediacaran succession is 
interpreted as a thick conformable sequence of turbiditic strata (Gutiérrez-
Alonso, 1996). Rubio Ordóñez (2010) divided this sequence in two different 
strati- graphic units, according to their relative age (Fernández-Suárez et al., 
1998; Gutiérrez-Alonso et al., 2004), and nature of the volcanic clasts (Rubio-
Ordoñez et al., in press). This division is also supported by the detrital zircon 
content of both sequences (Fernández-Suárez et al., in press). 
The Ediacaran sequence is unconformably overlain by pre-Variscan Paleozoic 
clastic and carbonate platformal strata (Fig. 2) that vary in thickness from 
6500 m in the west to about 1000 m in the east (Marcos and Pulgar, 1982) 
and includes a Lower Cambrian succession of 1000–1500 m of feldespatic 
sandstone, quartzite, shale and conglom- erate layers followed by Middle 
Cambrian limestones (ca. 200 m) and Late Cambrian shales and sandstones 
(from west to east 1600 to 200 m) that evolve to quartzites at Early 
Ordovician (1000 to 80 m from west to east). Middle and Late Ordovician 
correspond with a thin and sometimes absent alternating black shales with some 
volcanics. Fol- lowing it distinctive sequence of Silurian black shale and iron-rich 
sand- stone with a thickness between 450 m and 75 m (from west to east; 
Fig. 2). The pre-Variscan strata culminate with a Devonian and Early 
Carboniferous (Mississippian) succession consisting of alternating car- bonate 
and siliciclastic strata (Fig. 2) in which several transgressions and regressions 
have been documented (Aramburu et al., 2002; Gibbons and Moreno, 2002; 
Hofmann and Keller, 2006; Keller et al., 2008). Paleocurrent data recorded in 
the pre-Variscan strata indicate 
 
Table 1 
Synthesis of the sampled rocks. 
 
Sample no. Formation Aprox. depositional age Characteristics 
OD5 Narcea slates 600 Turbidites with interbeded volcanics 
OD7 Narcea slates 600 Turbidites with interbeded volcanics 
OD2 Narcea slates 545 Turbidites with interbeded volcanics 
OD1 Herrería 535 Alternating shales, feldspathic sandstone and micro-conglomerates 
Literature Barrios 477 Quartzite 
PG14 Formigoso 430 Black shale 
ST-DZ3 San Pedro 419 Ironstomes with interbedded shales 
ST-DZ1 San Pedro 410 Ironstomes with interbedded shales 
ST-DZ2 Huergas 395 Shales and sandstones 
PG12 Fueyo 374 Shales with small sand layers 
ST-DZ5 Ermita 370 Quartzite  siltstone 
ST-DZ4 Olleros 320 Turbidite 
PG9 San Emiliano 318 Intercalated limestones and sandstones 
PG5 Lena Group 315 Siliciastics with minor carbonate layers 
PG4 Sama Group 313 Sandstones, conglomerates and shales with coal seams 
PG6 Sama Group 311 Sandstones, conglomerates and shales with coal seams 
PG1 Stephanian A 307 Sandstones, conglomerates and shales with coal seams 
PG11 Stephanian B–C 305 Sandstones, conglomerates and shales with coal seams 
PG8 Stephanian B–C 304 Sandstones, conglomerates and shales with coal seams 
PG7 Stephanian B–C 303 Sandstones, conglomerates and shales with coal seams 
PG3 Sotres 295 Red Sandstones with volcanics 
PG2 Sotres 292 Red Sandstones with volcanics 
 
 
that their sediment source was located to the east in present-day 
coordinates (Fernández-Suárez et al., 1998; Shaw et al., 2012) but there are 
no currently exposed potential source rocks. 
The pre-Variscan succession is overlain conformably by an up to 5000 m 
thick Westphalian A (Bashkirian–Moskovian) syn-orogenic sequence 
dominated by shallow marine and interbedded continental clastic strata. This 
sequence is in turn unconformably overlain by Stephanian (Upper 
Pennsylvanian) and Permian rocks, mostly of conti- nental nature (Figs. 1 and 2). 
The Stephanian strata are characterized by coal-bearing continental clastic 
rocks including conglomerates, sandstones  and  mudstones (e.g. Colmenero et 
al., 2008; Fig. 2). This succession shows similar strat- igraphic and 
sedimentological characteristics over much of northern Iberia implying that it 
overlies much of the western and southern por- tions of the Cantabrian Zone and 
the adjacent West Asturian–Leonese Zone (Corrales, 1971; Pastor-Galán et al., 
2011). Stephanian rocks crop out in synclines, are not internally deformed and their 
overall structural characteristics suggest that deposition occurred after the bulk of 
Variscan deformation had taken place (Pastor-Galán et al., 2011, 2012b). 
In contrast to the regionally deposited Stephanian strata, Permian strata were 
deposited in localized basins (Martínez-García, 1991; Suárez, 1988) that post-
date the formation of the Cantabrian Orocline (Pastor-Galán et al., 2011; Weil et 
al., 2010). These strata are only mod- erately tilted and are not internally deformed. 
The dominant lithologies are continental red conglomerates, red shales and 
sandstones, with minor limestones, volcaniclastic rocks, calc-alkaline basaltic 
lava ﬂows and scarce coal seams (Martínez-García, 1981; Suárez, 1988). 
 
 
2.3. Sampling strategy 
 
We selected 21 samples of detrital rocks whose depositional age ranges 
from 600 to 292 Ma, representing the entire Ediacaran to Late Paleozoic 
stratigraphic succession (Figs. 1, 2). We present a synthesis of the stratigraphy, 
sedimentological characteristics and depositional age of the sampled rocks in 
Table 1. In general we selected at least one sample from each of the most 
representative and known formations as described in Bastida (2004). 
Additionally, we also collected samples within the same formation in order to 
obtain a better resolution of the signiﬁcance of different events marked by 
unconformities. For example, we sampled the Ediacaran series in three different 
localities (OD5 and OD7, lower unit; OD2, upper unit). We also obtained two 
samples of Upper Silurian to Lower Devonian ironstone of the San Pedro 
Fm, an ironstone with interbedded shales (ST-DZ3 and ST-DZ1 respec- 
tively) due to its special iron rich composition. These strata are typ- ical of 
similarly-aged ironstones found elsewhere in the Variscan belt (e.g. 
Guerrak 1987a,b; Gloaguen et al., 2007) and were deposit- ed in a shallow 
shelf setting (Suárez de Centi, 1988) close to the tran- sition from non-marine 
to marine environments (Van Houten, 1985; Young, 1989). 
In addition, we sampled thoroughly the Upper Paleozoic stratigraph- ic 
succession to better track the effects of Variscan and post-Variscan tectonic 
processes on the geochemical and isotopic composition of the sedimentary 
rocks. Speciﬁcally, we sampled Stephanian sandstones in four different 
locations and different stratigraphic positions (PG1, Stephanian A; PG11; 
PG8 and PG7, from older to younger, Stephanian B–C) as well as Permian 
undeformed sandstones (PG2 and PG3) of roughly the same depositional age 
in two different locations (Figs. 1 and 2). 
Finally, we include the major and trace element data from Shaw et al. (in press) of 
the Early Ordovician Barrios Fm (Table 1) (Gutiérrez-Alonso et al., 2007) which is 
the correlative of the regionally-deposited Armori- can Quartzite in the study area 
(e.g. Aramburu et al., 2002; Gutiérrez- Marco et al., 1999, 2002). However no 
isotopic data are available from this formation. 
3. Analytical methods and results 
 
All 21 samples were analyzed for major, trace and rare earth ele- ments 
(REEs) and for Sm–Nd isotopes. Major and selected trace ele- ments (Rb, Sr, 
Ba, Zr, Nb, Y, Zn, V, Cr and Ni) were analyzed by X-ray ﬂuorescence using a 
Philips PW2400 for at the Nova Scotia Regional Geochemical Centre at Saint 
Mary's University, Canada. Details of ana- lytical methods as well as precision 
and accuracy of the X-ray data are reported by Dostal et al. (1994). The 
analytical procedure for REE and other trace elements was as follows: (i) 
sintering of a 0.2 g sample aliquot with sodium peroxide, (ii) dissolution of 
the sinter cake and separation and dissolution of REE hydroxide-bearing 
precipitate, and 
(iii) analysis by ICP-MS using the method of internal standardization to correct 
for matrix and drift effects were performed at the Memorial University of 
Newfoundland. Details of these procedures can be found in Longerich et al. 
(1990). 
Sm–Nd isotopic analyses were performed at the Atlantic Universities Regional 
Isotopic Facility at Memorial University on a Finnigan MAT 262V TI-mass 
spectrometer in static mode. Further information on analytical procedures is given 
in Kerr et al. (1995). Nd isotopic ratios are normalized to 146Nd/144Nd = 0.7219. The 
reported values were adjusted to La Jolla Nd standard (143Nd/144Nd = 0.511860). 
During the course of data acqui- sition, replicates of the standard gave a mean 
value of 143Nd/144Nd = 0.511888 ± 16 (2σ, n = 12). The in-run precision on Nd 
isotopic ratios is given at 95% conﬁdence level. Errors on Nd isotopic 
compositions are b 0.002% and errors on the 147Sm/144Nd ratio are estimated to 
be less than 0.1%. 
We analyzed the samples labeled PG by X-ray diffraction (XRD, see Fig. 2 
and Table 1). Those samples correspond to strata for which no XRD data were 
available in the literature (García-López et al., 2007, 2013). The fourteen 
studied samples were washed and, after coarse crushing, homogeneous rock 
chips were used for preparation of X-ray diffraction (XRD) samples to determine 
the overall trends in mineral as- semblages and record any variations in 
metamorphic grade along the studied cross sections using the Kubler Index 
(Kubler, 1968). Currently, the Kubler Index is the most common method used to 
determine the metamorphic grade and to identify variations in the anchizone 
condi- tions between diagenesis and low-grade metamorphism in metapelitic 
sequences. This index is based in the measurement of the full peak width at 
half maximum intensity of the ﬁrst, 10 Å, X-ray powder- diffraction peak of 
K-white mica and it is expressed as Δ°2θ in the Bragg angle. Samples were 
analyzed using a PANalytical X'Pert Pro pow-der diffractometer equipped with a 
X'Celerator detector, CuKα radia- tion, operated at 45 kV and 40 mA, Ni ﬁlter 
and 0.25° divergence slit at the Departamento de Mineralogía y Petrología of the 
Universidad de Granada to study whole-rock samples and clay fractions (b 2 μm). 
The b 2-μm fractions were separated by repeated extraction of supernatant liquid 
subsequent to centrifugation, following the Stokes' law. Oriented aggregates were 
prepared by sedimentation on glass slides. Ethylene glycol (EGC) treatment was 
carried out on the samples to corroborate the identiﬁcation of illite–smectite or 
chlorite–smectite on the basis of the expansibility of these phases. Kubler Index 
was measured using a step increment of 0.008° 2θ and a counting time of 50 
s/step. Our KI measurements (x) were transformed into crystallinity index 
standard (CIS) values (y) according to the equation y = 1.8718x–0.0599. For 
a full description of the procedures see Abad et al. (2010). 
 
4. Results 
 
4.1. Whole rock geochemistry 
 
Samples show a large variation in chemical composition with SiO2 ranging 
from ca. 45% to 98% (on a volatile free basis, Table 2). Al, Mg, K, Ti and Fe 
display negative correlations with Si representing the varying proportions of 
clay/mud minerals and quartz-rich minerals, as it is common in siliciclastic rocks 
(Fig. 3; Bhatia, 1983; Li et al., 2005; 
  
 
 
 
 
 
 
Table 2 
Chemical composition of the studied rocks. 
 
 PG-1 PG-2 PG-3 PG-4 PG-5 PG-6 PG-7 PG-8 PG-9 PG-11 PG-12 PG-14 OD-1 OD-2 OD-4 OD-7 ST-DZ-1 ST-DZ-2 ST-DZ-3 ST-DZ-4 ST-DZ-5 
SiO[2] 87.54 72.09 82.64 79.75 81.75 79.26 76.13 75.29 60.05 78.32 90.51 90.88 87.01 69.4 78.43 66.94 80.65 92.04 46.78 89.54 98.2 
TiO[2] 0.401 0.474 0.48 0.566 0.471 0.828 0.652 0.654 0.636 0.618 0.268 0.428 0.272 0.759 0.6 0.953 0.337 0.227 0.268 0.279 0.171 
Al[2]O[3] 5.55 8.63 7.81 10.42 8.4 12.43 12.42 11.77 11.77 9.75 2.87 3.86 5.99 14.61 9.87 14.91 2.1 2.05 2.85 3.1 0.69 
Fe[2]O[3] 2.36 2.55 1.3 3.7 3.02 0.66 3.49 4.75 3.97 3.84 3.25 1.83 1.86 4.99 3.57 5.44 14.43 4.14 44.83 1.79 0.48 
MnO 0.03 0.065 0.04 0.018 0.017 0 0.022 0.028 0.048 0.046 0.011 0.006 0.004 0.054 0.017 0.03 0.033 0.017 0.246 0.056 0.017 
MgO 0.05 0.46 0.45 0.15 0.54 0.23 0.96 0.94 1.19 0.88 0.02 0.17 0.37 1.57 1.14 2.6 0.36 0.2 0.48 0.41 0.06 
CaO 0.37 6.05 1.61 0.03 0.14 0.02 0.16 0.1 9.33 0.23 0.02 0.02 0.05 0.36 0.03 0.33 0.51 0.07 0.94 1.66 0.02 
Na[2]O 0 0 0.87 0.05 0.71 0.08 0.69 0.06 0.08 1.01 0.1 0 0 3.58 0.76 3.73 0.01 0 0.1 0.26 0 
K[2]O 0.83 2.32 1.36 1.67 1.48 2.14 2.33 2.51 1.64 1.71 0.53 0.78 3.39 2.1 1.66 1.45 0.3 0.46 0.29 0.56 0.15 
P[2]O[5] 0.096 0.118 0.106 0.093 0.118 0.068 0.117 0.109 0.139 0.138 0.05 0.063 0.053 0.183 0.11 0.226 0.45 0.03 0.914 0.065 0.029 
LOI 2.31 6.90 3.57 3.60 2.78 4.12 3.26 3.50 11.43 2.68 1.75 1.28 1.15 2.45 2.96 2.83 0.83 0.79 2.31 2.27 0.20 
Sum 99.54 99.66 100.24 100.05 99.43 99.84 100.23 99.71 100.28 99.22 99.38 99.32 100.15 100.06 99.15 99.44 100.01 100.02 100.01 99.99 100.02 
V 45 52.5 44 80.5 65.4 94 103.7 103.3 122.9 68.4 19.9 21.7 33.4 97.9 76.2 123.3 81 76 202.9 35.8 13.3 
Cr 205.6 154 153.5 136.9 169.3 159.7 227.8 175.7 110.2 192.3 288.4 -9.2 2.7 72.2 57.6 106 222.8 282.1 113.6 213.4 282.4 
Co 11.6 10.7 8.3 8.8 10 3 11.9 6.9 13.8 11.5 7.5 122.1 142.5 43.1 38.3 27.4 5.1 9.3 26.5 6 1.5 
Ni 21 26.6 16.5 16.6 23.4 6.7 37.6 24.7 40 28.1 12.6 11.3 11.7 32.3 12.6 34.9 11.8 21.7 27.8 13.2 7.8 
Cu 5.3 75.8 9.9 8.1 5.7 8 24.5 17.7 13.2 14.7 5.2 3.8 0.6 22.6 13.5 16.4 5 5.1 9.7 6.6 2.7 
Zn 57.9 12 23.1 19.5 47.3 8.2 80.9 34.8 83.9 59.4 51.6 18.7 20.4 47.9 51.4 37.3 15 22.3 12.2 11 5.3 
Ga 7.2 10.3 8.7 13.6 10.5 16.1 15.5 15.4 16.6 12.4 3.7 3.7 5.8 17.4 13.7 19.1 2.5 1.4 6 1.7 0.1 
Rb 31 75.2 50.5 71.7 62.3 87.5 95.2 100.3 75.7 66.5 15.4 25.9 72.8 78.3 60.2 52.1 14.1 38.8 18.5 21.5 5.3 
Sr 98.8 89.2 82.7 54.1 62.5 134.8 62.9 55.8 191.5 78 21.9 15.5 26.8 178.8 33.1 179.4 27.9 24.2 87.5 62.4 12.6 
Y 16.4 26.5 24.1 23.7 19.3 28 27.7 22.2 33.4 23.6 17.6 27.5 17.3 28.2 20.3 36.7 40.4 15.6 70.5 11.4 6.4 
Zr 203.8 271.6 350.1 137.4 159.9 487.4 173.3 179.8 291.6 188.7 196.1 230 104 213.6 215.7 282.7 213.9 150.1 99.3 239.2 392 
Nb 9.3 10.6 11.4 13.2 10.4 16.4 13.4 13.5 16 11 5.6 9.4 10.5 13 10.2 15.8 7.4 3.2 10 1.1 0 
Ba 85.8 168.8 203.3 304.3 230.4 407.9 512.5 434.3 219.2 324.1 141.3 119.3 361.9 450.5 419 380.7 50 51.8 144.8 75.2 9.1 
La 29 38.9 36 36.4 34 48.5 35.8 41.2 49.2 38.7 23 25 32.3 30.6 32.2 38 29.8 22.5 51.6 12.2 12.3 
Pb 13.6 6.8 11.6 23.9 12.9 15.2 18.3 7.9 19.2 14.6 12.2 12.8 9.5 9.9 17.6 7.3 11.1 7.9 1.6 10.5 10 
Th 11.8 14.1 11 11.7 10.2 16.9 13.6 13 13.7 10.3 9.6 11.2 11 10.7 11.8 14.5 13.7 12.8 13.3 7.4 7.9 
U 2.2 2.9 4.5 2.1 6.1 5.2 2.3 5.2 2.3 3.8 3.9 3.2 4.2 4.7 4.3 3.9 0.8 0 4.1 5.2 2.7 
Ce 58.8 71.2 67.7 61.4 67.5 86.6 76.7 70.9 77.1 71.2 50.2 58.8 74.5 62.3 73.4 72 45.7 41.1 79.6 25.1 14.9 
Nd 21.6 27.5 28.3 23.9 22 48.5 35.7 31.6 41.2 28.8 17.4 18 19.6 28.7 27.6 37.6 25.3 13.1 40.1 9.7 9.1 
Cs 5.8 7.4 6.6 3.7 5.7 9.3 -0.2 5.7 5.6 4.2 3.4 1.6 2.6 1.4 3.1 0.3 2 14.9 0 6.5 5.2 
Pr 3.898 6.371 5.824 5.503 5.468 10.011 8.085 7.201 7.642 7.364 2.588 3.813 3.599 6.848 6.077 8.602 5.632 3.135 9.149 2.813 1.096 
Sm 2.930 4.476 4.413 3.404 3.989 6.859 5.848 5.040 5.721 5.769 2.302 3.412 2.284 5.313 4.271 6.830 5.796 2.076 8.976 2.332 0.737 
Eu 0.633 0.892 0.768 0.674 0.777 1.205 1.196 0.979 1.196 1.131 0.532 0.836 0.526 1.231 0.978 1.426 1.613 0.383 2.228 0.425 0.105 
Gd 2.652 4.020 3.563 2.868 3.176 4.910 4.750 3.987 4.987 4.617 2.564 3.486 2.487 4.324 3.386 6.292 6.179 2.151 10.004 2.187 0.689 
Tb 0.379 0.536 0.526 0.433 0.444 0.712 0.720 0.584 0.772 0.675 0.407 0.621 0.371 0.691 0.520 0.896 0.971 0.312 1.537 0.329 0.115 
Dy 2.213 3.209 2.882 2.693 2.652 4.441 4.100 3.699 4.477 3.503 2.220 3.799 2.142 4.095 2.908 5.498 5.882 2.133 10.809 1.983 0.717 
Ho 0.468 0.688 0.636 0.602 0.489 0.882 0.783 0.714 0.877 0.696 0.423 0.734 0.381 0.804 0.565 1.057 1.196 0.453 2.260 0.408 0.174 
Er 1.306 1.948 1.904 1.674 1.447 2.596 2.265 2.052 2.474 2.008 1.116 2.030 1.053 2.323 1.652 3.121 3.627 1.483 6.911 1.279 0.584 
Tm 0.190 0.288 0.270 0.264 0.210 0.416 0.311 0.306 0.363 0.290 0.146 0.286 0.157 0.345 0.245 0.456 0.458 0.213 1.123 0.197 0.079 
Yb 1.313 2.020 1.858 1.588 1.387 2.709 2.165 1.984 2.326 1.845 1.042 1.871 0.976 2.298 1.848 2.966 3.051 1.389 7.423 1.349 0.739 
Lu 0.190 0.301 0.281 0.238 0.198 0.427 0.313 0.303 0.339 0.282 0.154 0.262 0.158 0.349 0.303 0.431 0.462 0.211 1.153 0.214 0.109 
Hf 4.214 7.234 7.988 2.666 3.683 12.854 4.357 4.192 7.121 4.323 4.031 4.183 2.356 4.304 5.144 6.579 4.474 2.136 2.561 7.217 5.518 
Ta 0.332 0.459 0.531 0.458 0.423 0.665 0.576 0.588 0.604 0.482 0.208 0.675 0.916 0.621 0.519 0.669 0.202 0.157 0.219 0.167 0.042 
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Fig. 3. Variation diagrams of SiO2 vs. Al2O3, TiO2, Fe2O3, MgO, K2O (wt.%), Rb, Nb and Cr (ppm). See text for explanation and discussion. 
 
 
 
Dostal and Keppie, 2009; Spalletti et al., 2012) indicating that the lower values of 
SiO2 correspond with poorly sorted or ﬁne grained samples. The San Pedro 
Formation ironstone samples provide the only exception, but the relationship 
between FeO and SiO2 is anomalous when com- pared with that of “normal” 
siliciclastic rocks (e.g. Bhatia, 1983). 
The strong correlation between TiO2 and Al2O3 (Fig. 4) suggests that Ti may 
be present predominantly in phyllosilicates (Li et al., 2005), however, Rb, La 
and Nb show positive correlation with Al and negative correlation with SiO2, 
which indicates that dilution of elements that do not partition into quartz could be 
applicable to TiO2 as well. Contrari- wise, Cr shows a positive correlation with 
SiO2 although the pattern is less clear. In general, Cr in sedimentary clastic rocks is 
expected to reside mainly in clays or in secondary oxides (e.g. Meinhold et al., 
2007). Given the negative correlation with Al2O3, we infer that Cr is not 
primarily linked with the clay-mica fraction. Zr is scattered in both plots and 
shows positive correlations with Hf, Nb and REE, which implies that 
this element is principally tied in accessory mineral phases, presumably zircon (see 
Table 2 and Supplementary ﬁle 1). 
Most samples display moderately fractionated REE patterns (Fig. 5: Table 2), 
where LREE are enriched relative to HREE, which present a slightly depleted 
pattern with the exception of sample ST-DZ3 that shows a ﬂat pattern and ST-
DZ4 whose content in HREE is signiﬁcantly lower than the rest of the samples. 
All samples show a small but sig- niﬁcant negative Eu anomaly. Most samples 
when normalized to the Post Archean Australian Shale (Fig. 6; Taylor and 
McLennan, 1985) or to the continental upper-crust (Supplementary ﬁle 1; Taylor 
and McLennan, 1985), show a relatively uniform pattern for REEs with only 
some differences in relative abundance. However, Samples ST-DZ 1, 3, 4 and 5 
exhibit a signiﬁcantly different pattern. San Pedro Forma- tion ironstones (ST-
DZ1 and ST-DZ3) have higher values of HREE, Olleros Formation (ST-DZ4) 
has lower values of LREE, whereas Ermita Formation (ST-DZ5) contains low 
amounts of REE in general. 
 
  
 
 
  
 
 
 
  
 
 
 
 
     
 
 
Fig. 4. Variation diagrams of Al2O3 vs. TiO2 (wt.%), Rb, Nb, Cr, Zr and La (ppm). See text for explanation and discussion. 
 
 
 
In common tectonic discrimination diagrams (Fig. 7) Ediacaran rocks 
plot typically in the Continental Island Arc ﬁeld or the Oceanic Is- land Arc ﬁeld 
whereas, Cambrian sample (OD1) plots both in island arc and passive margin 
settings (see Fernández-Suárez et al., in press) and Ordovician to Devonian 
samples plot predominantly in the passive mar- gin ﬁeld. There are exceptions to 
these generalities; a Silurian sample (PG14) plots in the active margin ﬁeld in 
Fig. 7A, and one Ediacaran sample (OD3) plots in the passive margin area in Fig. 
7E. Carboniferous and Permian samples plot adjacent to the boundary between the 
conti- nental active margin and passive margin ﬁelds. Those that plot in the 
passive margin ﬁeld lie closer to the active margin ﬁeld compared to 
Ordovician to Devonian samples (Fig. 7). San Pedro Formation (iron- stones) 
samples (ST-DZ1 and ST-DZ3) show an anomalous behavior, es- pecially in 
diagrams that include iron oxides. They fall usually out of the indicated ﬁelds or 
even off the diagram (ST-D3 in diagrams B, C; both in diagram E). 
 
4.2. Sm/Nd isotopic systematics 
 
Sm and Nd are light REE elements that behave coherently in the crust so 
that the ratio of samarium to neodymium (Sm/Nd) is seldom af- fected by crustal 
processes such as anatexis, regional metamorphism, or weathering (Murphy and 
Nance, 2002). Instead, variations in Sm/Nd in crustal rocks are largely inherited 
from the depleted mantle, which 
 
preferentially retains samarium over neodymium (DePaolo, 1981; DePaolo and 
Wasserburg, 1976; McCulloch and Wasserburg, 1978). The Sm/Nd isotopic 
signature is therefore useful to constrain the provenance of low grade clastic rocks 
(Murphy and Nance, 2002) as it is the case of the Cantabrian Zone (see Section 
2). 
The εNd values (Table 2) were calculated using a 143Nd/144Nd =0.512638 
value for the present day chondrite uniform reservoir (CHUR) and are given as 
present-day values and also as values calculat- ed to the depositional age of the 
rocks. 147Sm decay constant is 6.54 × 10−12 y−1 (Steiger and Jager, 1978). TDM 
values (Table 2) were calculat- ed with respect to the De Paolo mantle model 
(DePaolo, 1981, 1988) for the depositional age of the studied rocks. 
Fig. 8 and Table 3 show the results obtained. Depositional ages (from Bastida, 
2004) are as shown in Table 1. As comparison between samples of various 
depositional ages is visually simpliﬁed by comparing their εNd(t) values at the 
same age, we compare their present-day values (i.e. εNd(0)) and their TDM  
ages. Ediacaran rocks have εNd(0)  values around − 8.5, the Cambrian sample 
has a value of − 16.8, whereas Ordovician to Permian rocks range from − 10.1 
to − 14.3. TDM ages can be classiﬁed into four different groups: (i) Ediacaran 
rocks that have TDM ages about 1.35 Ga; (ii) Cambrian sample with a TDM age of 
1.9 Ga; (iii) pre-Variscan samples with TDM ages ranging from 1.9 to 2.14 Ga; 
and (iv) syn- and post-Variscan samples which have TDM ages ranging from 1.45 
to 2.0 Ga with younger rocks trending toward 
    
 
effect on the measure is evident by the systematic difference in values obtained 
on the whole fraction in relation to those of the b 2-μm fraction (Fig. 2; Table 4). 
When the samples are EGC solvated, the treatment af- fects the position of the 
mixed-layer peak due to the swelling of their smectitic layers, producing lower 
KI than in the non-treated samples. Also the KI measured on the 5 Å peak 
yields lower values than those of the 10 Å, due to the clearly different 
relative contributions of mixed-layers and detrital micas on the two peaks (Nieto 
and Sanchez- Navas, 1994). In any case, most of the samples have KI values in 
the range corresponding to diagenetic conditions. X-ray diffraction studies 
(Table 4) indicate that the mineral composition of most samples is dom- inated by 
mica, chlorite, and kaolinite. Former smectite has been completely 
transformed in a mature illite/smectite mixed-layer of the R3 type, with at least 
90% illite layers. All the samples (Fig. 2; Table 4) reached deep diagenetic 
conditions with the exception of the Stephanian B–C post-Variscan samples 
(PG7, PG8 and PG11) that reached lower anchizone conditions. Even if 
samples PG7 and PG11 present a low quantity of kaolinite, we can keep their 
assignment to anchizone or the limit diagenesis–anchizone, given by the 
Kubler Index, as right; their small quantity of kaolinite could be a non- 
requilibrated rest of the former diagenetic conditions or the effect of ret- rograde 
processes previously described by Frings and Warr (2012) in similar samples 
from the Ciñera-Matallana basin. In general, crystal- linity is higher in 
Stephanian B–C samples and the syn-orogenic Bashkirian–Moscovian 
strata (PG4, PG5 and PG6). These data are consistent with previous 
analyses in the Cantabrian Zone in which more crystalline KI values are 
found in locations around the Leon breaching thrust (Alonso et al., 2009; 
Bastida et al., 2004; Frings and Warr, 2012; García-López et al., 2007) 
and in the Narcea Antiform (García-López et al., 2007; Gutiérrez-Alonso 
and Nieto, 1996 and references therein). 
 
 
4.4. Compilation of detrital zircon geochronology 
 
 
 
 
 
   
 
     
 
Fig. 5. Chondrite normalized REE patterns for the sedimentary rocks from the Cantabrian Zone. See text 
for explanation and discussion. 
 
 
 
 
 
younger TDM ages (Table 3). A transition from a more juvenile signal in the 
Neoproterozoic to a cratonic-like signal in Cambrian is also observed on the 
African margin of Gondwana trough Sm–Nd and U–Pb–Hf isoto- pic 
relationships (Avigad et al., 2012; Ugidos et al., 1997, 2003; Valladares et al., 
2002) and has been interpreted by the mentioned authors as either the 
erosion of deeper crustal levels in an age- ordered upper crust or the 
provenance change due to the end of the Neoproterozoic subduction related 
magmatism. 
 
4.3. X-ray diffraction 
 
Kubler Index (KI) is highly variable due to the sum in the 10Å peak of variable 
quantities of crystalline detrital mica and R3 I/S mixed-layer, showing partially 
variable proportions of illitic layers and consequently d spacing. The signiﬁcant 
presence of detrital mica in the samples and its 
In recent years, studies utilizing U–Pb detrital zircon age populations of clastic 
sedimentary rocks have enabled the investigation of processes such as 
exhumation rates and related changes in topography during major tectonic 
events (Lonergan and Johnson, 1998; Nie et al., 2010; Stewart et al., 2008; 
Weislogel et al., 2010). Several provenance studies have focused on the Ediacaran 
to Permian sedimentary rocks from the W Iberian Variscides (e.g. Martinez et 
al., 2008; Pastor-Galán et al., 2013; Pereira et al., 2012) in order to understand 
the paleogeographic evolution of the northern Gondwana margin mainly during 
Ediacaran and Early Paleozoic times (e.g. Díez Fernández et al., 2010; Fernandez- 
Suarez et al., 1999, 2000; Fernández-Suárez et al., 2002, in press; 
Gutierrez-Alonso et al., 2003; Catalan et al., 2004). 
We compiled the published data from the Cantabrian Zone (Fernández-
Suárez et al., 2002, in press; Pastor-Galán et al., 2013; Shaw et al., in press) 
in order to complement the geochemical and Sm–Nd data presented in this 
study and to facilitate an examination of the tectonic evolution of the Gondwanan 
foreland from late Ediacaran to Early Permian times. 
For this purpose we use the method of Cawood et al. (in press; Fig. 9) that 
discriminates tectonic setting by subtracting the depositional age of a sedimentary 
rock from every detrital zircon age in the data set for that sample. The ages obtained 
are then plotted on a cumulative frequency diagram. Fig. 9 shows such a plot 
constructed using the detrital U–Pb age data taken from the following sample 
sets: Ediacaran (OD2, OD5 and OD7) and Cambrian sample (OD1) from 
Fernández-Suárez et al. (in press); Ordovician (Fernández-Suárez et al., 2002; 
Shaw et al., in press); Silurian (PG14: Pastor-Galán et al., 2013); Devonian 
(ST-DZ1 and PG12 from Pastor-Galán et al., 2013 respectively); Pennsylvanian 
(PG4, PG5, PG6, PG9, ST-DZ4); post-orogenic Stephanian (PG1, PG7, PG8, 
PG11) and Early Permian (PG2, PG3). Pennsylvanian to Early Permian data 
are from Pastor-Galán et al. (2013). 
 
  
 
 
 
 
 
 
     
 
 
Fig. 6. PAAS normalized (after Taylor and McLennan, 1985) REE patterns for the sedimentary rocks from the Cantabrian Zone. See text for explanation and discussion. 
 
 
 
Detrital zircon age distribution plots (Fig. 9) support inferences based on 
the lithogeochemical data and suggest that Ediacaran samples were formed in 
a magmatic arc setting. Cambrian sample OD1 still meets the requirements 
of active settings (crystallization age–depositional age values at 5% and 30% ﬁt 
well with active margin setting), although its cumulative frequency curve is 
very different to that of the Ediacaran samples owing to the high proportion 
of Paleoproterozoic zircons and the absence of the 0.8–1.1 population 
(Fernández-Suárez et al., in press). The rest of the samples plot in the 
overlapping space for passive-margin and collisional setting. However it is 
noticeable that pre-Variscan rocks (in blue) plot closer to the passive-margin 
whereas syn- and post-Variscan rocks (green and red) plot closer to the 
collisional setting. 
 
5. Discussion 
 
As described in the Introduction,  a variety of different tectonic and 
paleogeographic models have been proposed for the Paleozoic 
evolution of NW Iberia. In this section of the paper, we give a step-by- step 
interpretation of the new data and combine it with data from the literature in 
order to give an overall interpretation of evolution of NW Iberia during the 
Paleozoic. 
 
5.1. Signiﬁcance of whole rock geochemical data 
 
Geochemistry of clastic strata in the Cantabrian Zone shows, in gen- eral, an 
upper crust composition (McLennan, 2001; Taylor and McLennan, 1985). 
Samples show a good correlation of SiO2 and Al2O3, with other major and 
minor components (Figs. 3 and 4), suggesting that the main differences in 
major and minor elements are a function of the relative abundance of quartz 
and the mica/clay fraction, and therefore sorting. Positive correlation of Cr and 
SiO2 suggests a linkage between Cr and quartz. The lack of correlation between 
Zr and SiO2 or Al2O3, together with the strong correlation between Zr and Hf, and 
the positive correlation found with compatible REE suggest that most of the 
Zr come from zircons. The geochemistry of the San Pedro Formation 
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Fig. 7. Discrimination diagrams for the Cantabrian Zone rocks. A) Co–Th–Zr/10 diagram after Taylor and McLennan (1985). B) TiO2 vs. Fe2O3[TOTAL] + MgO and C) Al2O3/SiO2 vs. Fe2O3[TOTAL] + MgO 
both after Bathia (1983). D) K2O/Na2O vs. SiO2 after Roser and Korsch (1986). E) Discriminant function diagram of Bathia (1983). 
 
 
 
 
 
 
 
Fig. 8. A) εNd(t) vs. age diagram (DePaolo, 1981) for the Cantabrian Zone samples. B) εNd(t) vs. TDM diagram (see text for discussion). 
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Table 3 
Sm–Nd analytical results of the samples in this study. 
 
Nd (ppm) Sm (ppm) 147Sm/144Nd 143Nd/144Nd 2σ Epsilon (0) Epsilon (350) Epsilon (600) Epsilon (form) T De Paolo TDM2 
OD-1 15.9 2.9 0.1 0.5 7.0 −16.8 −13.0 −10.3 −10.9 1889.0 2044.5 
OD-2 29.6 5.7 0.1 0.5 7.0 −8.4 −4.9 −2.4 −3.0 1325.0 1496.2 
OD-5 28.0 5.5 0.1 0.5 7.0 −8.6 −5.2 −2.7 −2.7 1361.0 1534.2 
OD-7 36.3 7.2 0.1 0.5 7.0 −8.6 −5.2 −2.7 −2.7 1377.0 1552.3 
PG-1 17.7 3.4 0.1 0.5 7.0 −13.3 −9.8 −7.2 −10.2 1719.0 1888.5 
PG-2 23.2 4.4 0.1 0.5 7.0 −10.7 −7.0 −4.4 −7.7 1463.0 1630.1 
PG-3 24.2 4.7 0.1 0.5 7.0 −10.1 −6.5 −4.0 −7.2 1446.0 1616.6 
PG-4 20.6 3.5 0.1 0.5 7.0 −13.2 −9.1 −6.1 −9.5 1501.0 1650.0 
Pg-5 22.7 4.3 0.1 0.5 7.0 −12.6 −8.9 −6.2 −9.2 1593.0 1757.4 
PG-6 62.1 11.6 0.1 0.5 7.0 −13.7 −9.9 −7.3 −10.4 1667.0 1828.7 
PG-7 32.7 6.1 0.1 0.5 8.0 −13.2 −9.5 −6.8 −10.0 1630.0 1791.0 
PG-8 26.4 4.8 0.1 0.5 6.0 −13.3 −9.4 −6.6 −9.9 1577.0 1733.9 
PG-9 29.4 5.7 0.1 0.5 7.0 −13.7 −10.1 −7.6 −10.5 1736.0 1903.8 
PG-11 31.2 6.2 0.1 0.5 6.0 −11.1 −7.8 −5.3 −8.2 1599.0 1776.0 
PG-12 12.2 2.6 0.1 0.5 7.0 −13.2 −10.3 −8.2 −10.1 1993.0 2185.3 
PG-14 19.2 4.2 0.1 0.5 8.0 −14.8 −11.9 −9.8 −11.2 2146.0 2334.9 
STDZ 5 5.1 0.9 0.1 0.5 9.0 −11.6 −7.5 −4.7 −7.3 1414.0 1566.6 
STDZ 2 13.7 2.5 0.1 0.5 9.0 −14.3 −10.3 −7.5 −9.8 1633.0 1787.6 
STDZ 1 26.0 6.1 0.1 0.5 5.0 −9.5 −7.1 −5.4 −6.7 1915.0 2145.4 
STDZ 3 40.5 9.3 0.1 0.5 7.0 −12.0 −9.4 −7.5 −8.9 2067.0 2277.5 
STDZ 4 11.2 2.3 0.1 0.5 6.0 −10.8 −7.6 −5.2 −7.8 1624.0 1806.4 
 
 
(ST-DZ3 and ST-DZ1: Fig. 2) ironstones is different from the other clastic 
rocks, which we attribute to the signiﬁcant non-clastic compo- nent of these 
rocks. Its chemical composition is, however, similar to other Paleozoic oolitic 
ironstones in France (Gloaguen et al., 2007) and Northern Africa (Guerrak, 
1987a,b). 
Although discrimination diagrams must be used with caution, they do help to 
identify some broad trends. Ediacaran samples (OD2, OD5 and OD7) plot in the 
ﬁelds of Oceanic or Continental island arcs consis- tent with previous 
interpretations of the Narcea Slates as backarc basin deposits (e.g. Fernández-
Suárez et al., 1998; Gutiérrez-Alonso et al., 2005) and with NW Iberia as part 
of an arc system during the Late Neoproterozoic (e.g. Murphy et al., 2006; 
Fuenlabrada et al., 2012; Fernández-Suárez et al., in press). We interpret the 
ambiguity of Cam- brian sample (OD1) as result of the transition from the 
Neoproterozoic island-arc setting to the extension and platform development 
during the opening of the Rheic Ocean. This interpretation is supported by geo- 
chemical data, Sm/Nd isotopes and U/Pb geochronology in detrital zir- cons in 
other Cambrian rocks in NW Iberia out of the Cantabrian Zone (Fernández-
Suárez et al., in press). Following these authors slightly older Early Cambrian 
samples out of the Cantabrian Zone show a major  and  trace  element  
geochemistry  consistent  with  an  active 
continental margin. The Cambrian sample from the Cantabrian Zone (OD1) 
show lower amounts of FeO, MgO and TiO2 and higher SiO2 which is akin to 
passive-margin conditions. 
Ordovician to Devonian samples plot in the passive margin ﬁeld whereas 
Carboniferous and Permian samples plot either in the active continental margin 
ﬁeld or close to it (Fig. 7). This pattern suggests a rel- atively stable source of 
sediment for the Cantabrian Zone, (presumably from the Gondwanan margin) 
from the Ordovician to the Devonian. Recycling of these strata occurred during 
the Variscan orogeny when the Cantabrian Zone was a foreland basin (Late 
Mississippian) and also during subsequent oroclinal buckling (e.g. Pastor-
Galán et al., 2013; Weil et al., 2013 and references therein). 
REE patterns in most clastic sedimentary rocks are similar to Post- Archean 
Australian Shale (PAAS), considered an average for terrigenous contributions 
(Taylor and McLennan, 1985). The only samples that do not present an almost 
parallel pattern to the PAAS are the Ediacaran samples (OD2, OD5 and OD7), 
the San Pedro formation (ST-DZ1 and ST-DZ3), and Ermita formation (ST-
DZ5) whose content in REE is so low that comparisons may not be 
representative (Figs. 5 and 6: Tables 1 and 2). We argue that the differences 
observed in the Ediacaran samples respond to the immaturity of the sediment 
which in turn may 
 
 
 
Table 4 
X-ray diffraction data for the rocks of the Cantabrian Zone. Legend: quartz (Qtz), smectite (Sme), plagioclase (Pl), chlorite (Chl), kaolinite (Kln), calcite (Cal), dolomite (Dol), − scarce, 
+abundant. 
 
 b 2 μ   Total 
 Mineral composition b 2 μ EG Total b 2 μ 5 Å  d001  cta d001 mica  d001  cta d001 mica  
PG 1 Qtz, Mica, Kln, Cal, Sme, Int (R3) 1.10 0.77 1.00 0.65 – –  – 9.986  
PG 2 Qtz, Mica, Kln, Cal, Sme, Int (R3) 0.92 0.70 0.81 0.53 – 9.990  – 9.990  PG 3 Qtz, Mica, Kln, Cal, Sme, Int (R3), Pl 0.79 0.58 0.46 – – –  – 9.986  PG 4 Qtz, Mica, Kln, Int (R3), Pl 0.79 0.39 0.20 0.52 – 9.986  – 9.980  PG 5 Qtz, Mica, Chl, Kln–, Int (R3), Pl 0.52 0.42 0.31 0.44 14.12 9.985  14.12 9.981  PG 6 Qtz, Mica, Kln, Int (R3), Pl− 0.58 0.45 0.23 0.41 – 9.987  – 9.979  PG 7 Qtz, Mica, Chl, Kln–, Int (R3), Pl 0.42 0.39 0.24 0.37 14.13 9.994  14.12 9.989  PG 8 Qtz, Mica, Chl, Pl− 0.36 0.40 0.32 0.34 14.12 9.991  14.12 9.984  PG 9 Qtz, Mica, Kln, Cal, Dol, Int (R3) 1.20 0.69 0.76 0.60  9.998   –  PG 10 Qtz, Mica, Chl, Int (R3) 1.08 0.64 – – 14.11 –  14.11 –  PG 11 Qtz, Mica, Chl, Kln, Int (R3), Pl 0.35 0.32 0.21 0.32 14.14 9.970  14.14 9.970  PG 12 Qtz+, Mica, Kln−, Int (R3) 1.03 1.16 – – – –  14.14 9.979  PG 13 Qtz, Mica, Chl, Int (R3), Pl 0.98 0.64 0.35 0.52 14.14 9.979  14.13 –  PG 14 Qtz+, Mica, Chl, Int (R3), 0.92 0.93 0.83 0.58 14.13 –  14.12 –  
 
 
 
 
 
Fig. 9. Discrimination diagram of Cawood et al. (in press) which is an accumulative dia- gram 
plotting crystallization age–depositional, for illustration of the tectonic environment of deposition of 
the studied rocks (see text for details). 
 
 
 
reﬂect its back-arc basin tectonic setting (e.g. Gutiérrez-Alonso et al., 2005). 
The origin of the San Pedro Fm ironstones is enigmatic. Van Houten and 
Arthur (1989) and Van Houten (1990) emphasized that oolitic iron- stones 
accumulate during certain intervals of relatively high sea level, declining tectonic 
activity, and after deposition of black shales. It is an observation that oolitic 
ironstones are widespread during time intervals that record this sequence of 
conditions (McLaughlin et al., 2012; Taylor et al., 2002).  Sedimentary  
ironstones  are  extensive  worldwide in Lower Silurian and Early 
Devonian (e.g. Guerrak, 1987a,b; Van Houten and Arthur, 1989; Van 
Houten, 1990). Additionally, in the case of the Cantabrian Zone, the Silurian 
Formigoso black shales un- derlie the San Pedro Fm. Therefore, it is conceivable 
that an intra-Rheic or even a global event took place that changed the redox 
conditions of the ocean(s) likely related with a biogenic event (Brett et al., 
2012; Ferretti et al., 2012). 
 
 
5.2. Signiﬁcance of Sm/Nd isotope systematics 
 
The Nd isotopic signature in clastic rocks represents the weighted av- erage of 
the detrital contributions from their source areas (e.g. Murphy and Nance, 2002). 
The Ediacaran samples have the youngest TDM  model ages and less negative 
εNd values. This is consistent with a more juvenile input in the suggested back-
arc setting where these rocks were deposited. In the Paleozoic rocks, the 
limited variations both in εNd(t) and TDM imply that the source of sediment was 
broadly similar from Ordovician to Permian, either because they share the same 
source or because of the recycling of clastic rocks due to the Variscan orogenesis. 
This slight dissimilarity in Sm–Nd isotopic signature is consistent with the pattern 
deﬁned by major, trace and REE elements, i.e. a passive mar- gin that evolves into a 
foreland basin fed by the passive margin previous- ly deposited rocks. However, 
syn- and post-Variscan samples have younger TDM model ages, a trend which 
is shown clearly in the εNd(t) vs. TDM plot (Fig. 8B). We attribute the younger TDM 
model ages observed in the Carboniferous samples to the erosion of the Variscan 
orogen that included the uplifted volcanic complexes (The “Ollo de Sapo” and 
other related Ordovician maﬁc rocks e.g. Díez Montes, 2006; Gutiérrez- Alonso 
et al., 2011a; Murphy et al., 2008 which has a TDM between 0.9 and 1.1Ga), an 
observation that is consistent with the presence of detrital zircon ages from 500 to 
470 found in the syn-Variscan samples (Pastor- Galán et al., 2013). 
Permian strata are interbedded with volcanics that are interpreted to have 
been generated as a consequence of lithospheric foundering (TDM of the 
volcanics is younger than 1.0 Ga; e.g. Gutiérrez-Alonso et al., 2011a,b). The 
clastic rock itself (PG2 and PG3) contains zircons with the same age as the 
deposition age (Pastor-Galán et al., 2013). We consider the additional presence 
of this relatively juvenile source to be the responsible of the relatively young TDM 
ages of Permian clastic rocks. 
In summary, Sm/Nd isotopic systematics support the notion that NW Iberia 
had a stable source of sediments from Ordovician to Devoni- an times followed 
by recycling of strata during the Carboniferous Variscan orogenesis. In 
Permian times a younging of TDM ages reﬂects basin formation related with the 
post-orogenic uplift of the Cantabrian Zone likely produced by mantle–
lithosphere foundering (Pastor-Galán et al., 2013). 
Another insight derived from the Sm/Nd systematics in the studied rocks 
affects the interpreted origin of the Siluro-Devonian ironstones of the San 
Pedro Formation. As stated before, this formation can be interpreted as 
deposited in a passive margin during a low sedimenta- tion rate period, but 
previous studies have claimed that the origin of the ironstones is derived from 
a coeval volcanic activity (Suárez de Centi, 1988). According to our results, if 
this formation had a substantial volcanic input its Sm/Nd signature should be 
comparably more juvenile than the other sedimentary rocks deposited in the 
same continental margin, which is not the case. From this point of view we can 
assume an origin for the ironstones in agreement with the data described before 
and that there is no need to invoke a volcanic event at that time. 
 
5.3. Signiﬁcance of the illite crystallinity data 
 
All samples have a mineral assemblage typical of deep diagenetic 
conditions, a result that is consistent with previous data (e.g. Abad et al., 
2003, 2006; García-López et al., 2007; Gutiérrez-Alonso and Nieto, 1996). 
This implies that there is no record of a signiﬁcant meta- morphic event during 
the Neoproterozoic and Paleozoic in the CZ (Gutiérrez-Alonso and Nieto, 
1996). However, the syn-orogenic sam- ples and the Stephanian BC samples 
have values of KI close to the low anchizone conditions (PG7, PG8 and PG11). 
These results compare well with reﬂectance of vitrinite obtained in coal ranks 
in the Cantabrian Zone (Colmenero et al., 2008). This relatively high grade 
may be attributed to ﬂuid-driven processes responsible for, among other 
features, the widespread dolomitization (e.g. Gasparrini et al., 2003, 2006) and 
gold mineralization (Martin-Izard et al., 2000) in the CZ. Recently, Frings and 
Warr (2012) have related anchizonal grades, reached by Stephanian samples in 
areas of high heat and ﬂuid ﬂow of the Ciñera-Matallana basin, with localized 
igneous and hydrothermal activity associated with syn-orocline buckling strike-
slip-faulting. 
 
5.4. Tectonic setting implied by detrital zircons 
 
The detrital zircon age distribution in relation to depositional age (Fig. 9) 
supports a magmatic arc setting for the Ediacaran samples, and a relatively 
stable source of zircons from Ordovician to Permian. 
Cambrian sample (OD1) seems to be quite exceptional because of the 
absences of 1000 m.a. population. In any case, the ﬁrst 20% of the zir- cons indicate 
active margin conditions which reinforces the ambiguity of the sample. Other 
slightly older Early-Cambrian samples in NW Iberia located out of the Cantabrian 
Zone show typical characteristics of an ac- tive margin (Fernández-Suárez et al., in 
press). The difference between them may imply changes in the drainage system or 
local source areas in the Cantabrian Zone at that time, maybe indicating the 
transitional geodynamic regime during Cambrian times in northern Gondwana. 
Pre-Variscan samples plot closer to the passive-margin setting and syn- and 
post-Variscan samples plot closer to the collisional setting reﬂecting the input 
of younger zircons. Following Pastor-Galán et al. (2013), the syn-Variscan and 
post-Variscan strata contain detritus that 
 
 
 
 
 
 
 
 
 
 
 
 
 
were recycled from rocks formed previously in the Gondwana margin including 
some input from igneous bodies related with the opening of the Rheic and syn-
orogenic (Variscan) igneous rocks, which explains why syn- and post-Variscan 
strata have a similar detrital zircon record. 
 
5.5. Paleozoic evolution of NW Iberia 
 
Although it is widely accepted that some microcontinents (e.g. 
Avalonia, Carolina, Meguma, Ganderia) drifted away from Gondwana during 
the Ordovician (Nance et al., 2010 and references therein), there is still a 
strong discussion about the possible separation of the Armorica/Galatia 
terranes during the Late-Silurian–Devonian (Stampﬂi et al., 2013 and 
references therein). The geochemical record 
of the Cantabrian Zone presented in this paper, together with structural geology, 
detrital geochronology and sedimentology sheds light on this controversy. 
Fig. 10 is a synthesis of the tectonic evolution of the NW margin of Iberia 
from Ediacaran to Early Permian times using data from this paper and data 
available from the literature. All of these data suggest that NW Iberia evolved 
from a Neoproterozoic arc setting through a rifting stage during the Late 
Cambrian and Early Ordovician being the Cambrian a period of transition from 
active margin to rift development. Unfortunately geochemistry, Sm–Nd and 
detrital zircon record of Ediacaran to Ordovician sedimentary rocks do not help 
to distinguish whether the transition from back-arc to rift happened due to slab 
pull (e.g. Murphy et al., 2006) or slab roll-back (e.g. Fuenlabrada et al., 
 
 
 
 
Fig. 10. Synthesis of the proposed tectonic evolution of NW Iberia based on data presented herein as well as previously published data (see references in text). During the Ediacaran, NW Iberia formed part of a back arc 
basin that evolved to a passive margin during the formation of the Rheic Ocean, in the Late Cambrian and Early Ordovician times. From Ordovician to Middle Devonian times, NW Iberia was part of the passive-margin 
along the northern Gondwanan margin that received sediments derived from the cratons in the hinterland as well as from recycling of the Ediacaran arc. During most of the Carboniferous the sedimentary basin 
evolved into a foreland basin receiving sediments from the orogen as well as adjacent cratonic areas. During the Pennsylvanian (Bashkirian–Moskovian), the foreland basin was being deformed and syn-tectonic 
continental sediments were deposited. After collisional orogenesis ceased, lithospheric scale oroclinal buckling produced sediment discharge directed towards the core of the orocline. At about the Carboniferous–
Permian boundary, lithospheric–mantle foundering produced asthenospheric thermal uplift causing melting and thermal uplift. Grabens formed with local sedimentary sources. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2012; Fernández-Suárez et al., 2013). After the rifting, a passive margin developed 
with a stable source of sediments from Gondwana continent during most of the 
Paleozoic followed by a Late Paleozoic active margin development (Fig. 10). 
Neither geochemistry, nor Sm–Nd systematics support the opening of a back-arc 
basin to the south (in Paleozoic coor- dinates) of the Cantabrian zone or to the 
core of the Cantabrian Arc (in present day coordinates) (e.g. Tait et al., 1994; 
Torsvik and Cocks, 2004; Van Der Voo, 1982, 1993) nor the onset of a 
subduction zone south- wards (Stampﬂi and Borel, 2002) or northwards 
(Stampﬂi et al., 2013) as would be implied by separation of Armorica/Galatia 
terranes during Late Silurian–Devonian. From this point of view it is difﬁcult to 
argue the presence of NW Iberia in the alleged ribbon continent (Armorica– 
Galatia–ATA) as the processes involved in its generation (rifting from the 
northern Gondwana margin) and subsequent re-amalgamation (subduction 
related to the closure of the newly formed ocean) would have left its 
geochemical and isotopic imprint in the studied sediments. 
 
6. Conclusions 
 
Whole rock geochemistry, Sm–Nd systematics and X-ray diffraction data 
presented herein suggest that NW Iberia was an active margin dur- ing the 
Ediacaran that evolved to a rift basin during Late Cambrian and Early Ordovician, 
either due to slab-pull (Murphy et al., 2006) or to sub- duction zone roll-back (e.g. 
Díez Fernández et al., 2012). After the gen- eration of the Rheic Ocean, NW 
Iberia remained a passive margin until the Late Devonian without evidence of the 
generation of a ribbon conti- nent that would lead to the opening of a new ocean 
located in the core of the nowadays Cantabrian Orocline. Data from 
Carboniferous and Permian strata record the evolution from a passive to an active 
margin coincident with the development of the Variscan orogeny and the 
post-Variscan oroclinal buckling. The Sm–Nd systematics and X-ray dif- fraction 
also record a thermal event in that affected the Uppermost Carboniferous 
rocks. We interpret this event to be a consequence of the lithospheric 
foundering that occurred in Early Permian following Late Carboniferous 
lithospheric thickening that was the result of oroclinal buckling of the 
Variscan Orogen. 
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